Modern social and lifestyle changes drastically decrease the quality of fertility (rate of pregnancy) caused by the deterioration of oocyte quality due to ageing. In old women, oocytes may contain chromosome abnormalities and exhibit decreased mitochondrial quality, including the accumulation of mutations in the mitochondrial DNA and low ATP production, increased oxidative stress and decreased antioxidant levels (Meldrum et al
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Decreased fertility associated with maternal ageing is a well-known critical problem, and progesterone (P4) concentration decreases during the menopause transition in women. The corpus luteum (CL) secretes P4, thereby supporting the implantation and maintenance of pregnancy. It is proposed that a bovine model is suitable for studying age-associated decline of fertility in women because the physiology of cows is similar to that of women and cows have a greater longevity compared with other animal models. Thus, we investigated the age-dependent qualitative changes and inflammatory responses in the bovine CL. In vivo experiment: Cows were divided into three groups, namely, young (mean age: 34.8 months), middle (80.1 months) and aged (188.9 months). Blood samples were collected on days 7 and 12 during the estrous cycle. In vitro experiments: Cows were divided into young (mean age: 27.6 months) and aged (183.1 months). The CL tissues of these groups were collected from a local slaughterhouse and used for tissue culture experiments. An in vivo experiment, plasma P4 concentration in aged cows was significantly lower than that in young cows, whereas no difference was found regarding the area of CL. An in vitro examination in the bovine CL tissues showed that the luteal P4 concentration, P4 secretion, and mRNA expression of StAR and 3β-HSD were lower in aged cows compared with young cows, especially in the early luteal phase. However, no differences were detected in the mRNA expression of inflammation-and senescence-related factors and inflammatory responses to lipopolysaccharides between the CL tissues from young and aged cows, indicating that an age-dependent increase in inflammation is not involved in the luteal function. P4 production and secretion from the bovine CL diminish in old cows, especially during the early luteal phase, suggesting that senescence may affect the luteal function in cows.
K E Y W O R D S
ageing, corpus luteum, inflammation, progesterone, senescence the ovaries, oviducts and uterus, and its functions are affected by maternal ageing (Malhi, Adams, & Singh, 2005; .
For example, the capacity of granulosa cells, which surround oocytes within the follicle, diminishes with advancing age, showing a decline in proliferation, increase in apoptosis and high levels of mitochondrial DNA deletions Wu et al., 2015) .
Research on human reproduction is limited owing to the difficulties involved in the investigation of biological samples from women.
Therefore, it has already proposed that a bovine model may be suitable for studying the reproductive function and age-associated decline of fertility in women because the physiology of cows, including the ovarian function, is similar to that of women and cows have a greater longevity compared with other animal models (Malhi et al., 2005; Malhi, Adams, Mapletoft, & Singh, 2007; Takeo et al., 2013) . Recently, using these bovine experimental models, we have reported that inflammation-related signalling pathways are more active in old bovine oviduct epithelial and endometrial cells than in young cells (Tanaka et al., 2016; Tanikawa et al., 2017) . Based on these findings and the concept of "ageing oocytes," we hypothesize a new concept of "ageing reproductive environments," which includes the ovaries, oviducts and uterus.
In an ovary, a corpus luteum (CL) is formed from an ovulated follicle, which grows rapidly to secrete progesterone (P4), thereby supporting the implantation and maintenance of pregnancy (Miyamoto, Shirasuna, Shimizu, Bollwein, & Schams, 2010) . Rapid development of bovine CL occurs within 8-10 days after ovulation and is accompanied by the activation of proteins and enzymes involved in P4 synthesis, such as steroidogenic acute regulatory protein (StAR), cholesterol side-chain cleavage enzyme (P450scc) and 3β-hydroxysteroid dehydrogenase (3β-HSD; Miyamoto et al., 2010) . Increases in the P4 concentration after ovulation enhance conceptus elongation, whereas lower levels of P4 during the early luteal phase delay embryonic development (Mann, Fray, & Lamming, 2006) . During the validation of the existing bovine model for studying reproductive events in women approaching menopause, Malhi et al. (2005) reported age-related changes in follicular, luteal and endocrine functions in cows nearing reproductive senescence. They found that the plasma P4 concentrations and CL diameter are reduced in old cows (13-14 years old) compared with younger ones (1-4 years old; Malhi et al., 2005) . Also, short telomeres and low telomerase activity have been observed in granulosa cells, which differentiate into luteal cells after ovulation, in women above 37 years of age (Butts et al., 2009) . These data suggest that functional degradation of luteal capacity is caused by ageing. However, only a few studies have examined the effect of ageing specifically on the luteal function.
Ageing is the result of complex interactions causing dysfunctions in cells and organs. It has been widely recognized that physiological ageing can be driven by pro-inflammatory cytokines, leading to the development of senescence-associated secretory phenotype (SASP; Goto, 2008; Lim et al., 2014) . The plasma concentrations of various SASPs, including interleukin-1β (IL-1β), IL-6 and IL-8, and exhibit age-dependent increases in healthy humans (Alvarez-Rodriguez, Lopez-Hoyos, Munoz-Cacho, & Martinez-Taboada, 2012) , suggesting the emerging concept of "inflammageing" as an age-dependent low-grade, chronic and systemic inflammatory state (Goto, 2008) .
It is known that, in addition to the chronic inflammation associated with ageing, the inflammatory response caused by infections also changes with age, as demonstrated in murine immune cells and bovine dermal fibroblast cells (Green, McKay, & Kerr, 2015; Ramirez, Rathinam, Fitzgerald, Golenbock, & Mathew, 2012) . However, there have been only a few reports on the age-dependent functional changes and inflammatory responses in bovine CL.
In this study, we hypothesized that the bovine CL exhibits agedependent changes in its characteristics and functions, particularly regarding P4 production system and inflammatory responses.
Therefore, we investigated plasma P4 concentrations, mRNA expressions of P4 production and inflammatory cytokines in the CL, and responsibility to inflammatory stimulus dependent on age of cows.
| MATERIAL S AND ME THODS
All experimental procedures complied with the Guidelines for the Care and Use of Agricultural Animals of Tokyo University of Agriculture. All animal protocols were approved by the committees.
Materials and Methods are available in the online-only
Supporting Information Data S1.
| RE SULTS

| Age-dependent changes in the plasma P4 concentration and CL area in vivo
In the present in vivo experiment, the average body weights of the young, middle and aged cow groups were 491.3, 578.7 and 630.0 kg, respectively, and the average body weight of the young group was significantly lower than that of the middle and aged groups. However, there was no difference among the three groups regarding the average body condition score (BCS; mean BCS are 5.7, 5.7 and 5.4 in young, middle and aged groups, respectively. BCS are calculated in 10 steps.).
Plasma samples were collected on days 7 and 12 from each group. As shown in Figure 1a , the plasma P4 concentration in the aged group was significantly lower than that in the young group on day 7 as well as in the young and middle groups on day 12 of the estrous cycle. These findings strongly suggest that P4 secretion in cows decreases with age. However, no difference was observed among the three groups regarding the area of CL, which was determined on day 12 (Figure 1b ).
| Age-dependent changes in the luteal P4 production system in vitro
In the above in vivo experiments, as there was no significant difference in young and middle age groups, we next compared the young and aged groups in the subsequent in vitro experiments.
As Figure 2a demonstrates, there was no difference in the weight of CL between the young and the aged groups throughout the estrous cycle. Interestingly, the P4 concentration in the luteal tissue was significantly higher in the young compared with the aged group in the early luteal phase, but no difference was detected between the groups in the mid, late and regressing luteal phases 
| Age-dependent changes in the expression of inflammation-related cytokine genes
We investigated the effect of ageing on SASP-related genes, including IL-8, , in the bovine CL tissue. The obtained results were similar to our previous study (Jiemtaweeboon et al., 2011) and showed that IL-8 expression decreased significantly from the early to the mid and late luteal phases in the young group (Figure 3a) .
Although IL-8 expression in the aged group also decreased in the late luteal phase, its expression in the early and mid-luteal phases was almost the same. However, IL-8 expression did not differ between the young and aged groups.
On the other hand, our data showed no significant difference in the mRNA expression of IL-1β and IL-6 throughout the estrous cycle (Figure 3b,c) . Although IL-10 expression increased significantly from the early to the mid-luteal phases in both the young and the aged groups, there was no difference between both groups (Figure 3d ). These results suggest that the expression of SASP-related cytokine genes in the bovine CL tissue is scarcely affected by ageing.
| Age-dependent changes in response to lipopolysaccharides (LPS) in vitro
We investigated whether P4 production and inflammatory re- 
| D ISCUSS I ON
In the present study, we investigated the age-dependent qualitative changes in the bovine CL during the estrous cycle. Malhi et al. (2005) reported that although the CL diameter in old cows tended to be smaller than in young animals having two-wave interovulatory intervals, no difference in the CL diameter was observed between young and old cows having three-wave interovulatory intervals.
Their study also showed that plasma P4 concentration was lower in old cows (13-14 years old) than in young animals (1-4 years old) independently of follicular wave intervals. In support of their data, our results showed that P4 concentration in both the plasma and the CL tissue culture medium was significantly lower in aged cows compared with young cows, whereas the size of CL was the same in young and aged cows both in vivo and in vitro. These findings led us to hypothesize that the luteal function rather than the size of CL was more susceptible to ageing. To support this hypothesis, we showed that the functioning of the P4 production system (mRNA We think that the most critical problem leading to the decline in the rate of fertility with advancing age is diminished production and secretion of P4 in aged cows, especially in the early luteal phase.
Mann et al. (Mann & Lamming, 2001; Mann et al., 2006) reported that a low level of P4 secretion in the early luteal phase is linked to early pregnancy failure and poor embryo development, which is associated with lower embryonic production capacity of interferon tau, an essential pregnancy recognition signal in ruminants (Imakawa et al., 1987) . Recently, Parr et al. (2017) demonstrated an important role of P4 during the early luteal phase by injecting beef heifers with PGF 2α
at various time points (days 3, 3.5, and 4). Such PGF 2α treatment induced low P4 secretion and reduced embryo development. Using this model, it was determined that early (days 4-7) supplementation with P4 significantly improves embryonic development on day 16, whereas later (days 7-10) supplementation shows no improvement.
In contrast, longer (days 4-10) supplementation with P4 has negative effects, including low P4 secretion, small CL weight and induction of a short estrous cycle. Similarly, administration of P4 to beef cows on days 1-4 after artificial insemination advances conceptus elongation (Garrett, Geisert, Zavy, & Morgan, 1988) , but supplementation with P4 on days 4-9 decreases the pregnancy ratio on day 30 in dairy cows (Parr et al., 2014) . These findings suggest that both the timing of initiation of P4 supplementation and its duration affect embryonic development. To improve the conception rate of old cows, P4 supplementation should be implemented during the early luteal phase.
The concept of "inflammageing" has recently emerged, which describes an age-dependent, low-grade, chronic and systemic inflammatory state induced by SASP, which is produced by the innate immune, parenchymal and nonparenchymal cells within the organs (Goto, 2008) . These SASPs investigated in this study have potential role to regulate luteal function such as P4 secretion (Hashii et al., 1998; Jiemtaweeboon et al., 2011; Kohen et al., 1999; Sakumoto, Komatsu, Kasuya, Saito, & Okuda, 2006; Shimizu et al., 2012).
F I G U R E 2
Age-dependent changes in the weight of CL and P4 production system. Bovine CL tissue was collected and divided into two groups: young (36 cows) and aged (43 cows). Four stages of the estrous cycle were analyzed, that is, the early, mid, late, and regressing stages. Recently, we reported that maternal age affects the upregulation of genes related to immune and inflammatory responses in bovine oviduct epithelial and endometrial cells, which suggested the occurrence of "inflammageing" in the bovine oviduct and uterus (Tanaka et al., 2016; Tanikawa et al., 2017) . However, in the present study, no increase in the expression of SASP-related cytokine genes was observed in the CL tissue from aged cows in comparison with young animals. Therefore, unlike in the case of the oviduct and uterus (Tanaka et al., 2016; Tanikawa et al., 2017) , it is conceivable that the concept of "inflammageing" does not apply to the bovine CL.
It has been reported that inflammatory responses to pathogens containing LPS are different depending on the age. Liu et al. (2015) demonstrated that LPS induces upregulation of NF-κB binding activity in macrophages of aged mice to a greater extent than in young ones. Therefore, we examined whether the inflammatory response changes in an age-dependent manner in the bovine CL. LPS from Gram-negative bacteria is the main pathogen causing metritis and mastitis in cows (Luttgenau, Lingemann, et al., 2016; , and it is used as a major factor for the induction of inflammation and pathology both in vivo and in vitro (Bromfield & Sheldon, 2011; Herzog et al., 2012; Ibrahim, Kramer, Williams, & Bromfield, 2016; Price, Bromfield, & Sheldon, 2013) . Therefore, we used LPS to induce inflammatory responses because the LPS/Toll-like receptor 4 (receptor for LPS)
system has a potential to regulate the luteal function (Bromfield & Sheldon, 2011; Ibrahim et al., 2016; Price et al., 2013) . Our in vitro experiment showed that a low dose of LPS (100 ng/ml) had no effect on P4 secretion or StAR expression, but it stimulated the mRNA expression of 3β-HSD in the CL tissue culture both in young and aged groups. Similar with our results, no detectable changes in P4 secretion and StAR expression were observed in human granulosa-luteal cells following low-dose LPS treatment (100 ng/ml; Ibrahim et al., 2016) . In contrast, it has been reported that highdose LPS treatment (1 µg/ml) reduced P4 secretion from bovine granulosa cells (Bromfield & Sheldon, 2011; Price et al., 2013) Ibrahim et al., 2016; Price et al., 2013) . The present study also showed that LPS treatment increases IL-8 mRNA expression in the CL tissue, whereas there was no difference in their expression between young and aged cows. These results about no difference in P4 production and inflammatory responses were also supported from the result that TLR4 mRNA expression did not change in both groups (data not shown). Taken together, these findings suggest that the response to LPS in terms of P4 production and inflammation does not change with advancing age in the bovine CL.
In conclusion, our study demonstrated a decrease in P4 produc- 
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